Local approach to fracture based on continuum damage mechanics and finite element method is a powerful method to estimate fatigue strength, which can reduce computing time and cost for the analysis of fatigue crack initiation and propagation. In the present study, this approach has been applied to the analysis of the behaviors of ring-shaped cracks in stainless steel pipes under thermal cyclic loading. The obtained solutions have been compared with the experimental results to discuss the accuracy of uncoupled, locally-coupled and fully-coupled approaches. A new technique to remove the mesh-dependence of the solutions has been proposed and its validity has been discussed through numerical studies on the low-cycle fatigue crack propagation.
Introduction
In spite of the recent improvement in computer performance, the fatigue crack analysis is still time and cost consuming for practical purposes. The so called local approach to fracture, that is the nonlinear finite element method employing the constitutive equations based on continuum damage mechanics, is a powerful method of analysis to predict the material damage (crack initiation) as well as the material fracture (crack propagation) (1) .
This approach has still some problems in practice. However it may considerably contribute to the unification of damage and fracture analysis. The present study discusses at first the uncoupled and the locally coupled approach in which the stress analysis and the damage evaluation are conducted separately. The calculated results are compared with those by the fully coupled approach, which is the finite element method directly implementing the damage constitutive equations. The uncoupled and the locally coupled approach can simply predict the crack initiation, while the fully coupled approach is available to the crack propagation analysis. The low cycle fatigue behavior including circumferential (ring-shaped) crack propagation under cyclic thermal loading is analyzed by the fully coupled approach.
The method of analysis to be formulated can deal with three-dimensional problems as the material damage and fracture targeted in the present study are essentially three-dimensional phenomena. The validity of the proposed method is illustrated by comparing the calculated evaluations for crack initiation and propagation by the developed damage analysis program with the existing experimental results. A reduction technique of the mesh-dependence problem (2) , (3) common to the local approach to fracture is discussed,
Local Approach to Fracture
The uncoupled, locally coupled and the fully coupled approaches for fatigue damage evaluation are studied in the present paper. In the uncoupled approach, the stationary one-cycle stress-strain history at the sampling point, at which the maximum stress or strain is usually taking place, is calculated by the elasto-viscoplastic analysis neglecting damage at first. Then, the fatigue damage is evaluated by the repeating input of the calculated stress-strain history into the damage evolution equation. In the locally coupled approach, the stationary one-cycle strain history at the sampling point is calculated at first by the similar procedure, then it is input repeatedly into the elasto-viscoplastic damage constitutive equation to predict the stress and the damage history.
These two approaches, which deal with only one sampling point, are applicable to the prediction of crack initiation, but inapplicable to the crack propagation analysis. Therefore, the fully coupled approach directly incorporating the elasto-viscoplastic damage constitutive equation in the finite element analysis program becomes necessary in the crack propagation analysis where damage evolution has to be taken into account at all integration points in finite elements. The crack initiates when the damage variable at an integration point reaches the critical damage and then propagates when the damage variable at the adjacent integration point becomes the critical value. The crack propagation is simulated by repeating such a procedure.
Method of Analysis

Elasto-Viscoplastic Damage Constitutive Equation
The present finite element procedure for the elasto-viscoplastic damage analysis employs the constitutive modeling based on the evolution equation for the scalar damage variable and the viscoplastic law for the creep-plasticity isotropic hardening behavior (4) , (5) .
The elasto-viscoplastic damage constitutive equation is expressed in the rate form as follows:
where the following notations are used: σ ; the total stress rate, ε ; the total strain rate, 
where T and D are the temperature and the damage variable respectively. The viscoplastic potential is defined as follows:
where the following notations are used: e σ ; von Mises' equivalent stress, R; the non-linear isotropic hardening parameter, k; the initial yield stress and K, N; the material constants. R, K, k and N take the temperature dependence into account. The non-linear isotropic hardening parameter R is given by the following equation:
The damage evolution equation based on the concept of damage mechanics as given by Eq. (8) can be obtained by using the damage potential * D ψ as defined by Eq. (7).
where Y is the energy release rate. S and s are the material constants considering the temperature dependence. The damage variable D evolves when the accumulated equivalent strain exceeds the damage threshold strain pd ε .
The present finite element analysis employs the constitutive equation as mentioned above, in which Crank-Nicolson scheme is used for the time integration.
Heat Conduction Analysis
The microscopic damage in structural members influences the heat conduction. The present analysis employs the heat conductivity considering the effect of microscopic damage in the three-dimensional governing equation for non-stationary heat conduction (6) , (7) . As the heat conduction analysis considering damage is coupled with the elasto-viscoplastic damage analysis, the so-called sequential approach is employed, in which these two analyses are conducted alternately at each time step.
Analysis of Thermal Fatigue Behavior by Local Approach to Fracture
Evaluation of Crack Initiation Life
The obtained results for crack initiation life by the three methods in the local approach to fracture as described previously are compared with each other in the present subsection. Figure 1 shows the model to be analyzed, which is a stainless steel (SUS304) pipe with three notches on the inner surface. The three notches have different shapes, the width W and the depth D are summarized in Fig. 1 . Figure 2 shows the assumed mesh with 1370 hexahedral isoparametric elements and 2340 nodes, which subdivides the straight part between two welded lines (EBW) in Fig.1 . The pipe is subjected to the thermal cycle as shown in Table 1 . The initial temperature is 650℃. The inner surface is cooled down and hold for some time. Then the outer surface is heated up to 650℃. The heat conduction analysis using the boundary condition for such a thermal cycle is carried out to calculate the temperature distribution. The material constants in Table 2 are identified by the material test data for SUS304. As shown in Table 2 , most of the material constants are temperature-dependent. The thermal stress analysis for the uncoupled and locally coupled approach as well as the thermal elasto-viscoplastic damage analysis for the fully coupled approach are conducted by using the temperature increment calculated from the temperature distribution. Figure 3 shows the time histories of temperature at seven points in the thickness direction calculated in the heat conduction analysis. In the uncoupled approach, the elasto-viscoplastic finite element analysis using the calculated temperature has given the stress-strain histories at the C-Notch tip which is almost stationary after five cycles as shown in Fig. 4 . The damage history has been calculated by using the obtained stress-strain histories in the damage evolution equation. The stress analysis neglecting damage has also been conducted in the locally coupled approach. The histories of the stresses and the damage variable have been obtained by using the calculated strain history shown in Fig. 5 as the input data and integrating the elasto-viscoplastic damage constitutive equation. The obtained stress-strain histories are shown in Fig. 6 where N and D are the number of cycles and the damage variable respectively. It is seen from this figure that the rigidity reduces with an increase of the damage variable. In the fully coupled approach, the damage and the stress-strain relations can be simultaneously obtained as the elasto-viscoplastic damage constitutive equation is incorporated in the finite element method. Figure 7 is the obtained stress-strain histories. It is seen from this figure that both the stress and the strain components have been influenced by the damage.
The histories of damage variable obtained from all three approaches are shown in Fig.  8 . The fully coupled approach is the most accurate for the evaluation of the crack initiation life, however it is necessary to implement the damage constitutive equation into the finite element program. The uncoupled and the locally coupled approach are simple and convenient as they require only the conventional finite element analysis and the post damage evaluation. However, it should be noted that the uncoupled approach has given much shorter crack initiation life than the other two approaches as shown in Table 3 since it neglects the damage in the stress analysis. 
Analysis of Crack Propagation Behavior
The damage history and the crack propagation behavior have been analyzed by the elasto-viscoplastic damage analysis based on the fully coupled approach. The validity of the present method has been illustrated by comparing the calculated solutions with the test results under the same conditions. The mesh model and the analytical conditions are the same as those in the preceding subsection. Figure 9 shows the histories of the damage variable at the integration point near each notch tip. The damage variable for C-Notch has reached the critical damage (D cr =0.8) faster than the other notches as it is deeper than the other two. Figure 10 shows the crack propagation behaviors for the three notches. In the analysis, the crack length has been estimated as the distance of a series of integration points at which the damage variable has reached a critical value. The crack initiation life is included in the number of cycles in the 
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Mesh-Dependence in Local Approach to Fracture
Reduction of Mesh-Dependence
The mesh size dependence in the local approach to fracture has been a problem in the finite element analysis of crack initiation, crack propagation and fracture cycles. The mesh-dependence is mainly due to the dimensional gap between the element and the actual crack surface and the damage localization. The non-local theory of damage is known as a solution for the problem. The mesh-dependence is reduced by averaging spatially the damage rate D at the integration points near the crack-tip. However, the averaging also deteriorates the accuracy of solutions. The mesh-dependence can also be improved by the reduction of the stress-dependence in the damage evolution equation or the critical damage value. In the present study, the non-local theory is combined with the reduction of the damage threshold in order to improve the mesh-dependence.
The damage variable increment is usually averaged to reduce the mesh-dependence. Murakami et al. (2) , (3) pointed out the stress-sensitivity of the damage evolution equation. In the present study, a new form of damage evolution equation is defined as follows by averaging spatially the energy release rate Y in the damage evolution equations (7) and (8):
The conventional energy release rate Y is given as follows: 
where χ and ξ are the evaluation point for Y and an arbitrary point in the neighborhood of χ respectively.
( ) ξ χ φ , is the weight function, which is generally assumed as the following Gaussian distribution function:
where d* is the characteristic length determining the size of the averaging region.
As the coarse mesh causes reduction of the damage rate, the critical damage is weighted, depending on the mesh size. The critical damage CR D is assumed as follows:
where D CR0 and m are the original critical damage and the material constant respectively. M is the number of the integration points in the averaging region specified by the characteristic length d*. The CR D can be greater than 1 for the larger value of the characteristic length. The characteristic length should be reduced in such a case.
Numerical Studies for Mesh-Dependence
The structure model of Fig. 1 with the notch as shown in Fig. 11 has been analyzed by using two kinds of mesh with the element length at the notch-tip of L E =0.5mm and 1mm in order to demonstrate the validity of the proposed method. Both the conventional method and the proposed method have been examined under the same analysis conditions as before. The following conditions have been assumed: d*=2.0mm，D CR0 =0.1 and m=0.74 . Figure 12 shows the histories of the damage variable at the integration point near the notch-tip given by the conventional and the proposed damage evolution equations. The damage rate for the coarse mesh considerably increases and becomes almost similar to the result for the fine mesh by averaging the energy release rate at the integration points near the notch-tip. It is seen from these results that the mesh-dependence has been improved by the proposed method. The values of the damage variable, which are mesh-dependent, are normalized by the averaged critical damage CR D in Fig. 12 . Further study is necessary for the appropriate critical damage which depends on the characteristic length d* in Eq. (12). Figure 13 shows the comparison of the results for the crack propagation behavior, which is qualitatively similar to Fig. 12 . The mesh-dependence for the crack propagation has been reduced in spite of a little difference with the experimental result, as the damage rates for the coarse mesh and the fine mesh has become closer. Only two numerical examples have been presented in this paper. Further computational studies are now under way to discuss the appropriate identification of the newly introduced parameters to avoid the mesh-dependence. It is an idea to assume the characteristic length covering the region with the stress level higher than the yield stress, for example, as the stress is sensitive to the mesh size. More parameter studies are also necessary for the material constant m. 
Conclusion
The crack propagation behavior due to thermal fatigue has been studied by the local approach to fracture in the present study. The crack initiation life has been evaluated by the three methods in the local approach to fracture. The crack propagation has been simulated by the fully coupled approach. Both calculated results have corresponded well with the experimental results.
A reduction scheme has also been proposed for the mesh-dependence in the local approach to fracture. The validity of the proposed method has been discussed by the numerical studies with different sizes of mesh.
